Bacterial biofilms have an enormous impact on medicine, industry and ecology. These microbial communities are generally considered to adhere to surfaces or interfaces. Nevertheless, suspended filamentous biofilms, or streamers, are frequently observed in natural ecosystems where they play crucial roles by enhancing transport of nutrients and retention of suspended particles. Recent studies in streamside flumes and laboratory flow cells have hypothesized a link with a turbulent flow environment. However, the coupling between the hydrodynamics and complex biofilm structures remains poorly understood. Here, we report the formation of biofilm streamers suspended in the middle plane of curved microchannels under conditions of laminar flow. Experiments with different mutant strains allow us to identify a link between the accumulation of extracellular matrix and the development of these structures. Numerical simulations of the flow in curved channels highlight the presence of a secondary vortical motion in the proximity of the corners, which suggests an underlying hydrodynamic mechanism responsible for the formation of the streamers. Our findings should be relevant to the design of all liquid-carrying systems where biofilms are potentially present and provide new insights on the origins of microbial streamers in natural and industrial environments.
INTRODUCTION
Biofilms are generally identified as microbial communities embedded in a self-secreted matrix of polymeric substances (Costerton et al. 1995) . Due to their increased resistance to antimicrobial agents (Mah & O'Toole 2001; Drenkard & Ausubel 2002) , bacterial biofilms are involved in many health-related problems, ranging from infections and disease transmission (Costerton et al. 1999; Parsek & Singh 2003) to wound healing and medical implants (Edwards & Harding 2004; Zimmerli et al. 2004) . Biofilms also have a significant impact on many manufacturing processes, as in the food industry (Brooks & Flint 2008) and basic industrial quality control.
Extensive research has shown that biofilms are dynamic systems that can develop into highly differentiated and complex architectures (O'Toole et al. 2000; Stoodley et al. 2002) . A remarkable example is given by filamentous flow-shaped biofilms, called 'streamers', which generally stem from a surface-attached biofilm base while a long downstream 'tail' freely oscillates in the bulk fluid. Streamers are frequently found in rivers (Hall-Stoodley et al. 2004) , acidic metal-rich waters (Edwards et al. 2000; Hallberg et al. 2006) , hydrothermal hot springs (Reysenbach & Cady 2001) , and have been shown to substantially contribute to ecosystem processes (Battin et al. 2003) and fouling of membranes (Vrouwenvelder et al. 2009 ). Streamers have also been reported to grow from mixed bacterial communities in streamside flumes (Besemer et al. 2009 ) and monospecies biofilms in laboratory flow cells (Stoodley et al. 1998 ) under conditions of turbulent flow.
In our work, we exploited microfluidic technologies in order to characterize the development of biofilms in both space and time while controlling the chemical and hydrodynamic environments (figure 1a). A further advantage of using microfluidics is the flexibility in the design of devices: we therefore prepared channels with curved sections (figure 1b), including both sharp and rounded corners, to investigate the role of geometric features, commonly present in water-handling systems and natural environments, on the evolution of a biofilm. Besides the growth of a biofilm on the walls of the channel, we discovered the striking, rapid formation of long, suspended bacterial streamers, which, to the best of our knowledge, have not been reported in straight channels under laminar flow conditions.
MATERIAL AND METHODS

Microfluidic experiments
The microfluidic channels were prepared from polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer kit, Dow Corning) following conventional soft-lithography techniques (Duffy et al. 1998) . Each channel was sealed to a glass microscope slide (25 Â 60 Â 0.17 mm, VWR) after 1 min exposure in a plasma chamber. Solutions were infused in the channel by means of a syringe pump (Harvard Apparatus). Images were collected by conventional fluorescence and phase-contrast microscopies (Leica DM IRB) and confocal microscopy (Leica TCS SP5).
Bacterial strains and growth conditions
Colonies of Pseudomonas aeruginosa strain PA14 were cultured at 378C overnight on a Luria -Bertani (LB) agar plate. From these cultures, 5 ml of tryptone broth (TB, 10 g l 21 tryptone) medium was inoculated and incubated on a rotary shaker at 220 rpm for approximately 3 h at 378C. Growth was measured as the optical density at 600 nm (OD 600 ) in a spectrophotometer. We also measured the bacterial concentration in the solution left in the syringe at the end of the experiments and did not observe a major change in the optical density (about 30% over 24 h). In most of the experiments, solutions were continuously infused into the channels for less than 12 h. In addition, we performed two different sets of experiments in which, after 3 h, we replaced the bacterial solution with a newly incubated solution or with only TB medium. All the experiments were performed at room temperature. The following strains were used in this paper: P. ). Moreover, the streamers can connect several consecutive turns with an overall length of few millimetres.
To illustrate the three-dimensional structure of the streamers, we created software reconstructions of confocal z-scan images (figure 2a -d; see the electronic supplementary material, figure S2a,b). The cell distribution on the top and the bottom surfaces consists of a large number of bacterial clusters, which slightly increases only in the proximity of the lateral walls and forms layers that are a few microns in thickness. The streamer, in contrast, is located in the middle of the channel, connected only to the lateral walls at the corners, and is otherwise freely suspended in the flow. The average thickness, or diameter, of the streamer is, after 12 h of flow, typically 10-20 mm. In addition, the measurement of the total light intensity gives an estimate of the percentage of cells constituting a single streamer, which, by the end of the experiment, is more than 25 per cent of the total number of bacteria present in that portion of the channel.
Time-lapse images provide useful information about the development of the streamers. The image sequences shown in figure 3a,b were obtained from confocal z-scans of the channel every 15 min for two different concentrations of bacteria at the same flow rate. In both cases, the streamer appeared at first as a very thin filament, already connecting the corners of the channel, which progressively became thicker with time. We note that the growth of the streamer in the first experiment (OD 600 ¼ 0.4) was faster than in the second experiment in which there was a lower concentration of bacteria in solution (OD 600 ¼ 0.17). A further idea of the early formation of the streamer is given by the sequence shown in figure 3c (see also the electronic supplementary material, movie S3). These phase-contrast images, taken with higher magnification right after a corner, show that the initial thread is made purely of extracellular matrix, recognizable only through a series of single cells or small clusters of bacteria suspended across the channel in a synchronous oscillating motion. These early filaments are clearly connected to the endpoint of the corner, and progressively grow to form a single bigger streamer as more bacteria stick and more polymeric material accrues. In addition, the timing of the early formation of the streamers is reproducible: in experiments with approximately the same flow rate we observed the first appearance of streamers approximately 6 -7 h after the beginning of the experiment.
Furthermore, in an attempt to visualize the extracellular polymeric substances (EPS) in the developing streamers, we used fluorescently labelled lectins (Strathmann et al. 2002) : although this approach only worked in a test with a different strain (P. aeruginosa PA01) and in the presence of a sufficient amount of extracellular matrix, it confirmed the occurrence of aggregates of EPS in the proximity of the corners and in the middle-height plane of the channel. These aggregates were connected by a filament of EPS suspended across the channel (see the electronic supplementary material, figure S3 ).
Mutant strains
The crucial role of the extracellular matrix in the formation process of the streamers is further confirmed when we compare results obtained using different mutants of P. aeruginosa PA14. We used mutants ( pilC ) defective in the biogenesis of type IV pili (i.e. extremely thin surface appendages that are a few microns long), non-motile mutants ( flgK) defective in the synthesis of a functional flagellum (O'Toole & Kolter 1998) and mutants (DpelA) defective in the production of PEL, a glucose-rich polymer that is one of the main components of the EPS in PA14 biofilms (Friedman & Kolter 2004a) . In four identical channels we injected four different solutions (three mutants and the wild-type) at the same concentration (OD 600 ¼ 0.5) and the same flow rate (1 ml min 21 ). After approximately 12 h, we observed the presence of streamers for pili-deficient and non-motile mutants (as well as the wild-type) but not in the matrix-deficient mutants (as shown in figure 4) , with the only exception of a few tiny filaments observed in the proximity of the corners, probably made from polymeric substances whose synthesis was not prevented by the pelA mutation (Friedman & Kolter 2004b) . Moreover, although they both build biofilm streamers, the different architectures shown by pilC and flgK mutant strains are noteworthy (figure 4; see the electronic supplementary material, figure S4 ): the streamers grown with the pili-deficient mutants appear to be formed by multiple thin filaments rather than a more massive single thread. On the other hand, the flagellum-deficient bacteria made more clustered, clumpy streamers compared with the smooth wild-type morphology, which suggests a role of motility in the structure of the streamers. A similar diversity in architectures has been reported for surface-attached . Comparison between wild-type, type IV pili defective mutant ( pilC), flagellar-mediated motility defective mutant ( flgK) and mutant (DpelA) defective in the synthesis of one of the main components of the extracellular matrix in P. aeruginosa PA14 biofilms (scale bars, 100 mm).
biofilms formed by wild-type and motility mutants in flow chambers (Klausen et al. 2003) . Future experiments will be required to better elucidate the role played by pili and flagellum in the formation process of biofilm streamers.
NUMERICAL SIMULATIONS
What is the link between the observed streamers and the geometric features of the channel? Since the Reynolds number (i.e. a dimensionless number expressing the ratio of inertial to viscous forces) is relatively small (in the range 0.02 -0.1), the flow in the microchannels is everywhere laminar. Hence, we used a commercial finite-element software (COMSOL) to perform three-dimensional numerical simulations of the flow in curved channels with the same geometry and physical parameters as used in the experiments. The main features of the results are shown in figure 5a-d. The primary flow matches the flow pattern predicted in a two-dimensional planar geometry: a contour plot of the velocity field and the associated streamlines, in a plane at a quarter of the channel height from the upper surface, are displayed, respectively, in figure 5a,b. However, an additional velocity field superimposed on the primary flow, usually called a 'secondary flow', develops only in the proximity of the corners, both rounded and sharp ( figure 5b -d ) . This secondary flow consists of two symmetrical counterrotating vortices of length scale comparable to half the channel height. These two open eddies rotate from the middle plane towards the bottom and the top walls at the beginning of the curve, while the motion is reversed after the turn ( figure 5c,d ) . The numerical results also show that the magnitude of the secondary vortical flow is directly proportional to the average velocity in the channel and about 5 per cent of the velocity in the primary flow direction (see colour scales in figure 5a,b) . Moreover, for increasing values of the Reynolds number, only a small asymmetry between the vortices at the beginning and the end of the turn begins to appear, in which the latter are stronger than the former eddies. The phenomenon of eddies associated with a three-dimensional flow around a corner, in the limit of small Reynolds numbers (Stokes flow), is not very well known, but has been shown to stem from a change in the curvature of the boundary (Balsa 1998) . This result means that in confined Stokes flows where the geometry has a constant curvature (e.g. in the annular space between two concentric cylinders) there is no secondary flow (as also shown in Lauga et al. 2004) , whereas the vortical motions we found develop as soon as the streamlines deviate from a rectilinear to a curvilinear path.
DISCUSSION
We hypothesize a connection between the experimental demonstration of the streamers and the features of the flow highlighted by the numerical simulations. First of all, the locations where the streamers are connected to the lateral walls of the channel correspond exactly to the positions of secondary vortical motion (see figure 5e ). In particular, the streamers are linked to the ends of the turns rather than the beginning (as also shown by the time-lapse images), which is where the fluid elements move towards the middle of the channel, as represented by the arrows in figure 5d . The direction of these two rolls of the secondary flow indeed suggests an accrual of biomass in the horizontal plane of the channel, which is where the streamers develop. However, while at the time of the initial development of the streamers the bottom and top surfaces of the channel are already covered by microcolonies, as shown, for instance, by the first image in the sequences of figure 3a,b, we did not observe any increase of cells on the side walls at half the channel height. Thus, a probable mechanism for the formation of the streamers is that the vortical flow at the corner accumulates polymeric substances (in solution or, more probably, secreted from the bacteria adhered to the surfaces) on the lateral walls at half the channel height and forms one or more precursor threads, which are then stretched by the primary flow until they reach the other corner. We believe this process can happen simultaneously at different corners all along the channel, and the subsequent time evolution probably involves the collection of cells and matrix along the streamers, which eventually connect together to form the long structures that we observe after a few hours of continuous flow (as shown in figure 3) .
Several studies have shown that biofilms behave as viscoelastic polymer materials, with relaxation times on the order of seconds or minutes (Shaw et al. 2004; Hohne et al. 2009 ), which means that on a time scale of a few hours a streamer can be considered essentially as a viscous fluid. Then, an order of magnitude estimate for the 'extrusion' process exerted by the main flow can be provided. The rate of deformation (D1/Dt) of an initial thin thread is given by D1/Dt % s/h, where s is the applied stress and h the viscosity of the material. In our case s is the viscous stress exerted by the flow, which can be estimated (Hinch 1976) If we suppose that the precursor streamer is stretched by about 10 times its original length (say, from about 25 mm, which is the size of the secondary eddy, up to 250 mm) in a few hours (%10 4 s), we obtain h % 10 3 Pa s, which is a value on the order of those reported in the literature for P. aeruginosa biofilms (Shaw et al. 2004) . Finally, to further validate the hypothesis of a hydrodynamic mechanism underlying the formation of the streamers, we considered a simple case of change of curvature in a channel, i.e. the presence of a hemi-cylindrical bump on the side wall of a straight channel. Numerical simulations for this confined geometry show the presence of a secondary flow located around the bump, similar to the vortical motion around the corners (figure 5f ). Once again, we observed streamers (after approx. 20 h) attached to the bump at half the channel height and suspended in parallel to the side walls (figure 5f; see the electronic supplementary material, figure S5 ).
CONCLUSIONS
The discovery of streamers in laminar flows in curved channels offers new opportunities to study the mechanics and microbiological features relevant to the formation of these filamentous biofilms. Bacterial streamers, which can be detrimental or beneficial to a given system, develop in the bulk fluid and appear to be linked to inevitable three-dimensional flow features accompanying even the simplest geometries. Such suspended biofilms may therefore be much more widespread than previously thought in all manners of liquid distribution systems.
